The astrophysical S-factor for the radiative proton capture reaction on 7 Be (S17) at low energies is affected by the s-wave scattering lengths. We report the measurement of elastic and inelastic scattering cross sections for the 7 Be+p system in the center of mass energy range of 0.474 -2.740 MeV and center of mass angular range of 70
I. INTRODUCTION
The total terrestrial flux of high energy neutrinos resulting from the β + decay of 8 B in the Sun has been measured with a precision of ±4% [1, 2] . Comparisons of the measured and predicted 8 B solar neutrino fluxes are therefore limited primarily by the theoretical uncertainty of approximately ±14% associated with standard solar model predictions [3] . The low-energy astrophysical S-factor for the 7 Be(p,γ) 8 B radiative capture reaction, S 17 (E), is the most uncertain nuclear input needed to predict the 8 B solar neutrino flux [4, 5] in the standard solar model. It must be known at or near the Gamow peak of ∼ 18 keV, which is experimentally inaccessible due to the Coulomb barrier [6] . The cross sections are unmeasurably small at these energies, so available data starting around 100 keV above the Gamow peak must be extrapolated to solar energies with the aid of theoretical models.
Descouvemont [7] used a microscopic three cluster model and a potential model to study the theoretical uncertainty in extrapolating S 17 to zero energy and found * sp266413@ohio.edu that below 1 MeV it is dominated by the uncertainties in the s-wave scattering lengths for the 7 Be + p system. A leading order calculation of 7 Be(p,γ) 8 B in a low-energy effective field theory [8] found that the experimental uncertainties in the scattering lengths strongly affected the calculation at energies as low as 400 keV. A simple potential model [9] shows the importance of the s-wave scattering lengths in extrapolating S 17 to zero energy, although it is not clear how the results of this paper can be translated into uncertainties in the S 17 (0) value deduced from capture data. Although one recent effective field theory calculation [10] suggests that the contribution of scattering length uncertainties to the extrapolation uncertainty of S 17 below 500 keV may not be large, this sensitivity depends on the range of scattering lengths considered in the calculation.
Owing to the required use of radioactive 7 Be (halflife = 53.2 days), the scattering lengths have only been measured once, by Angulo et al. [11] , who found a 01 = 25±9 fm and a 02 = -7±3 fm, where a 0I is the s-wave scattering length for channel spin I. The s-wave scattering lengths deduced from the ab-initio no-core shell model/resonating group method [12] are a 01 = -5.2 fm and a 02 = -15.3 fm. Discrepancies in the predicted and measured s-wave scattering lengths, particularly for arXiv:1902.00417v2 [nucl-ex] 3 Apr 2019 channel spin 2, demand caution when using theoretical models in the extrapolation of S 17 to zero energy. Ref. [12] also calculates the astrophysical S-factor for 7 Be(p,γ) 8 B radiative capture reaction at zero energy, but the relationship between the s-wave scattering lengths and S 17 (0) is not highlighted. Better constraints on the scattering lengths may lead to a significant reduction in the uncertainty of S 17 (0), thereby reducing the overall uncertainty in the 8 B neutrino flux prediction.
The evaluation of S 17 in the energy range below 100 keV depends on complete knowledge of the low-lying energy levels of 8 B, which remains elusive [13] . There have been several 7 Be+p elastic scattering measurements aimed at elucidating the level structure of 8 B. Gol'dberg et al. [14] measured the elastic scattering excitation function with a thick target at relative kinetic energies E from 1 to 3.6 MeV at 0
• in inverse kinematics and proposed the existence of a 1 + level at E x = 2.83 MeV with a width of 780 keV. Rogachev et al. [15] measured elastic scattering using a thick target over a relative kinetic energy range from 1-3.3 MeV and found evidence for the existence of a 2 − level at E x = 3.5±0.5 MeV with a width of 8±4 MeV. Angulo et al. [11] measured the 7 Be+p elastic cross section with a thin polyethylene target from E = 0.3 to 0.75 MeV. From an R-matrix analysis, the scattering lengths were inferred and the width of the 1 + resonance at E = 634±5 keV was determined to be 31±4 keV. Yamaguchi et al. [16] This paper describes a new measurement of the elastic and inelastic scattering cross sections of 7 Be+p and a determination of the s-wave scattering lengths using an R-matrix analysis. It also presents evidence for the existence of various excited states in 8 B that must be properly described in theoretical models of its structure. The measurement of elastic and inelastic scattering was performed in inverse kinematics from E c.m. = 0.474 MeV to 2.740 MeV covering a center of mass angular range of 70
• to 150
• . We used the R-matrix method [18] to analyze elastic and inelastic scattering data. In this work, we confirm the existence of some of the levels reported in the literature and re-assess that of others. In particular, we find no evidence in our data set for the 1+ level at 3.3 MeV that has been reported in Ref. [17] .
The experimental method used to measure the elas- tic and inelastic scattering is explained in Sec. II. We used a multichannel, multilevel R-matrix approach to analyze elastic and inelastic scattering data simultaneously. The best fit parameters from the R-matrix analysis were used to determine the s-wave scattering lengths using the method described in Sec. III. Section IV contains the findings of this work and a comparison with available data from the literature. We conclude in Sec. V.
II. EXPERIMENT
The elastic and inelastic 7 Be+p scattering cross sections were measured in inverse kinematics between 0.474 and 2.740 MeV in the center of mass system at the Holifield Radioactive Ion Beam Facility (HRIBF) [19] of Oak Ridge National Laboratory (ORNL). The 7 Be was produced at the Triangle University Nuclear Laboratory (TUNL) using the 7 Li(p,n) 7 Be reaction [20] . The lithium targets (disks of 2-cm diameter with 3-mm thickness) were bombarded with 8-11 MeV protons, typically producing 240 mCi of 7 Be. The activity was transported to ORNL in the form of an ingot for chemical extraction and concentration using the method described in Ref. [21] . 7 Be ions were injected into the HRIBF's tandem accelerator via a cesium sputter source. The beam was stripped to the 4 + charge state before the analyzing magnet, removing any 7 Li whose maximum charge state is 3
+ . The fully-stripped 7 Be beam was then directed into the target chamber hosting the Silicon Detector Array (SIDAR) [22] . Additional details of the experimental setup are provided in Ref. [23] .
SIDAR consists of an array of Micron YY1 detectors with 40 keV energy resolution, which can be arranged either in a lamp-shade (with six wedges) or a flat configuration (with eight wedges). We utilized SIDAR in the flat configuration for this experiment. The array was composed of detectors of either 300 or 500 µm nominal thickness. A schematic diagram of the target station is shown in Fig. 1 . Self-supporting thin foils of polypropylene (CH 2 ) n and gold (Au) were used as the targets. The thickness of the (CH 2 ) n target was determined via α-particle energy loss measurements to be 100 µg/cm 2 with an uncertainty of ±10% resulting from the stopping power calculations. The target foils were mounted on a retractable target ladder placed in the scattering chamber. There were two diagnostic tools on the ladder, namely an aperture and a phosphor screen, which provide information about the location and size of the beam in the scattering chamber. The scattered protons were detected in SIDAR located downstream of the target. The ionization chamber was separated from the target chamber by a 0.9-µm-thick mylar window and filled with 40 Torr of isobutane gas. The ionization chamber was used for tuning and beam diagnostics. The unscattered beam was blocked by a 1.5 cm aluminum disk that was small enough to let the scattered 7 Be ions enter into the ionization chamber.
The experiment was performed in two campaigns for which the experimental configurations were similar. The measurements were taken using two different distances of SIDAR to the target providing overlapping angular ranges of θ lab = 26
• -50
• and θ lab = 14
• -31
• . The 7 Be bombarding energies were chosen in 16 energy steps between 4 and 27 MeV with intensities of 10 6 -10 7 pps at the target station. The 7 Be+p scattering cross sections were measured relative to the 7 Be+Au and 7 Be+ 12 C scattering cross sections, which were used for normalization of the data. The energy loss in the target was taken into account by calculating the effective beam energy as E eff = E 0 − ∆E/2, where E 0 is the incident beam energy and ∆E is the energy loss in the target calculated using SRIM [24] . This procedure is valid as long as there is no strong energy dependence of the cross section over the energy range covered in the target. Since there is a resonance at E c.m. = 0.634 MeV, the correction factors for the low energy experimental data points were calculated using Eqs. (6-7) from Ref. [25] . The correction factor calculated for the 5.2 MeV measurement in the laboratory system was 0.90, while for all other experimental data points, the correction factor was within 2% of unity. This correction factor has been included in the analysis of the E lab =5.2 MeV measurement.
For each beam energy, there were two runs for the purpose of separately collecting 7 Be+p and 7 Be+Au events. The two runs were performed with a (CH 2 ) n target and a combined target (i.e., a (CH 2 ) n foil with a Au foil in the back), respectively. The proton scattering events could be distinguished from the 7 Be+ 12 C scattering events based upon their energies as shown in Fig. 2 • , where inelastic scattering events were not observed. Panel (b) is the spectrum obtained with a (CH2)n target at a 7 Be beam energy of 20 MeV at θ lab = 29.7
• , where proton elastic scattering events are well separated from proton inelastic scattering events.
7 Be+ 12 C scattering events are not visible in this panel because the gains were set to put the proton scattering data at the middle of the ADC range such that 7 Be+ 12 C scattering events were beyond the range of ADC. [26] were well separated from the proton elastic scattering events as shown in Fig. 2 (b) . 7 Be+Au scattering data. To utilize this normalization procedure, we need to know the carbon to gold ratio rather than the absolute target thickness assuming H/C=2. The carbon to gold ratio was determined using the ratio of differential cross sections of 7 Be+ 12 C and 7 Be+Au scattering, both of which are described by Rutherford scattering at small angles. The carbon to gold ratio was determined to be C/Au=10.2±0.7, where the quoted uncertainty is statistical in nature. For 7 Be beam energies of E lab = 19.2 and 22 MeV, the proton scattering data were normalized directly to 7 Be+Au scattering data as 7 Be+Au scattering at all angles and energies covered in this experiment are well described by Rutherford scattering. For three beam energies (E lab = 15, 17.5 and 20 MeV), 7 Be+Au scattering was not measured and 7 Be+ 12 C cross sections were not experimentally determined. For these energies the 7 Be+p scattering was normalized to the 7 Be+ 12 C elastic scattering cross section calculated via the optical model using the DWUCK5 code [27] . The 7 Li+ 12 C optical model parameters from Ref. [28] were used to describe 7 Be+ 12 C elastic scattering by changing the charge and the incident energy. This parameterization was found to give a good agreement to within 10% of the 7 Be+ 12 C elastic scattering data at energies where the normalization was determined independently.
The normalization procedures explained before depend on the ratio of the target atoms. The hydrogen to carbon ratio in the target was determined from the 4 MeV 7 Be measurement using the ratio of 7 Be+p and 7 Be+ 12 C scattering, both of which were assumed to be Rutherford scattering. The systematic uncertainty for 7 Be measurements of E lab = 4, 4.5, 5.2, 15, 17.5, and 20 MeV, which depends on hydrogen to carbon ratio, was estimated to be ±6%. For 7 Be beam energies of E lab = 7, 8, 9, 10, 11, 12, 13, and 16 MeV, the normalization procedure depends on the carbon to gold ratio, and the systematic uncertainty was estimated to be ±6%. For E lab = 19.2 and 22 MeV measurements, the normalization procedure depends on the hydrogen to gold ratio, and the systematic uncertainty was estimated to be ±7%. The optical model analysis used for three beam energies (E lab = 15, 17.5 and 20 MeV) has an additional systematic uncertainty of ±7%, thus the overall systematic uncertainty for these energies was estimated to be ±10%. Fig. 4 shows the excitation function for elastic scattering of 7 Be+p measured in this work. The circles and squares correspond to the data from the first and second experimental campaigns, respectively.
FIG. 4. The excitation function for
7 Be+p elastic scattering at θc.m.=127
• . The circles and squares correspond to the data from the first and second experimental campaigns, respectively.
III. R-MATRIX ANALYSIS
The differential scattering cross section for 7 Be(p,p) 7 Be is described using R-matrix theory [18] . The elastic and inelastic cross section data from this experiment and low energy elastic scattering data from Angulo et al. [11] have been analyzed using the multilevel multichannel code AZURE2 [29] . The alternative parametrization of the R-matrix theory presented in Ref. [30] is used. So, the R-matrix can be expressed in terms of alternative parameters namely the observed resonance energyẼ and the observed reduced width amplitudeγ. A channel radius of 4.3 fm is assumed and the background poles have been fixed at particular excitation energies.
The spins of the ground and first excited states of 7 Be are 3/2 − and 1/2 − , respectively. If we restrict our calculations up to p-waves, then the allowed levels in 8 B following the coupling scheme would be 0
+ , 2 − , 2 + , and 3 + . The R-matrix analysis was started with the states of 8 B identified in previous experiments [11, [14] [15] [16] [17] [32] , where the third refers to the 7 Be excited state component and the ANC's were obtained using ab initio methods [33] . The fits to the scattering data is not highly sensitive to the choice of ANC values in this analysis. These states reproduce the fits to the elastic scattering data reasonably well, as shown in Fig. 5 , but could not explain the inelastic scattering data. In Fig. 5, the data points in panel (b) correspond to the inelastic scattering cross section for a center of mass angle 119
• ±4
• . The conversion from lab angle to center of mass angle was done taking into account the correct kinematics for inelastic scattering. Under the assumption of just the known literature values the inelastic channel was not well reproduced, so alternative level schemes were used for the R-matrix parameters in order to improve the fit. Additional 0 + , 1 − , and 2 + states at excitation energies of 1.9, 9.0, and 2.21 MeV were introduced to improve the fits to the inelastic scattering data with no significant changes in the fits to the elastic scattering data. The 0 + level at an excitation energy of 1.9 MeV in 8 B was previously suggested in Ref. [17] . The 1 − level is introduced as a background level in our fits. In the phenomenological R-matrix theory, levels introduced at higher energies than the highest energy data points and with large widths are termed background levels. The solid red line in Fig. 5 represents the fit with all these levels. These levels are defined as preferred levels in the text hereafter. It can be infered from Fig. 5 that the 2 + level at 2.21 MeV is required to fit the inelastic scattering data well. The introduction of an additional 2 − level at 9.0 MeV as a background level doesn't change significantly the fits to the data, so it was not included in our final fit. The sensitivity of the fit to the excitation energy of the 2 + level was studied and we differ in the extracted excitation energy for such a level from Ref. [17] .
The existence of a 1 + level around 2 to 3 MeV in 8 B has often been questioned. Gol'dberg et al. [14] Fig. 5 shows the effect of a 1 + level at an excitation energy of 3.3 MeV along with the preferred levels. The fits to the data with and without this 1 + level can be compared in Fig. 5 . There is no significant change in the elastic excitation function but the inelastic scattering cross section is underestimated. Therefore, to explain the scattering data available for 7 Be+p, there is no conclusive evidence for a 1 + level at an excitation energy of 3.3 MeV. Based on the analysis from these data, the level structure of the 8 B is shown in Fig. 6 .
A. Scattering Length from R-matrix analysis
In this section, we relate the s-wave scattering lengths to the best fit R-matrix parameters. The collision matrix U c c can be expressed as where M c c =γ
Ãγ c .Ã is the level matrix as defined in Ref. [30] , P c is the penetration factor and c is the channel index. For single-channel elastic scattering Eq. (1) reduces to
where
The quantities φ c and ω c are the hard sphere phase shift and Coulomb phase shift respectively. For s-wave scat-tering (l=0), ω c = 0. For diagonal collision matrix elements, U cc = e 2iδc , where δ c is total phase shift. In this case, the phase shift can be related to R-matrix parameters via
In the low energy limit, Eq. (4) can be written as
with P 0 = ka/G 2 0 (ka); a is the channel radius, k is the wave number, and G 0 is the irregular Coulomb function for l=0. In the limit k → 0, the effective range expansion from [35] can be reduced to
where C 2 0 = 2πη/(e 2πη − 1) with η the Sommerfeld parameter. From Eq. (5) and Eq. (6), the expression for the s-wave scattering length(a 0 ) in tems of R-matrix parameters is obtained as
where I 1 (x) and K 1 (x) are modified Bessel functions and x = 8Z 1 Z 2 e 2 µa/ 2 1/2 , Z 1 e and Z 2 e are the nuclear charges, is the reduced Planck's constant, µ is the reduced mass and a is the R-matrix channel radius. The Coulomb functions have been expressed in terms of modified Bessel functions using Ref. [36] .
IV. RESULTS
The elastic and inelastic angular distribution data from the ORNL measurement and the elastic scattering data from Ref. [11] have been fitted simultaneously. The lowenergy data from Ref. [11] were introduced to constrain the fits below 1 MeV center of mass energy. The systematic uncertainties of both data sets were introduced in the simultaneous fitting. In AZURE2, the systematic uncertainty for the data is introduced in the normalization of the data. A systematic uncertainty of ±5.5% has been assumed for the data from Ref. [11] as quoted in the paper, while the systematic uncertainties for different angular distributions from the ORNL measurement were included as explained before in Section II. The absolute normalization of the data is allowed to vary during the fits. The output of the fit along with the chi-square values for each data segment are presented in Table I . The best fit parameters from the simultaneous fitting are presented in Table II .
The fits to the elastic angular distributions are presented in Figs. 7, 8 , and 9 and the fits to the inelastic angular distributions are presented in Fig. 10 and Fig. 11 . The fits to data from Ref. [11] are shown in Fig. 12 .
Using the best fit parameters from Table II and Eq. (7), the s-wave scattering lengths for channel spin 1 and 2 were calculated to be 17.34 +1.11 −1.33 fm and -3.18 +0.55 −0.50 fm, respectively. To illustrate the sensitivity of the fit to the reduced width amplitudes of the 1 − and 2 − levels, the reduced width amplitudes for these levels were varied and the changes in the total χ 2 were compared. A change of ∆χ 2 =1 is used to define the acceptable range of the reduced width amplitudes for these levels, which gives the error bars in the scattering length values for channel spins 1 and 2, respectively. Using the same approach, the 1-σ error bar was estimated for the parameters of the 0 + and 2 + levels. The widths of the 0 + level are Γ p =0.120±0.028 MeV and Γ p' =0.428±0.130 MeV, where Γ p and Γ p' refers to the elastic and inelastic channel widths, respectively. Similarly, the widths of the 2 + level are Γ p =0.024±0.009 MeV and Γ p' =0.230±0.001 MeV. The excitation energies of the 0 + and 2 + levels are 1.9±0.1 and 2.21±0.04 MeV, respectively. We differ in the excitation energy for the 2 + level from the value presented in Ref. [17] . The elastic proton partial width for the 1 + state (0.77 MeV) from this analysis is in agreement with the value reported in Ref. [11] . Table I lists the χ 2 of the fit to each of data set. The fits to first two data segments in both the elastic and inelastic scattering from this work have a large χ 2 . There are no obvious reasons for this, but point-to-point uncertainty could be one of the possible explanations. The sensitivity tests were performed by excluding segments with large χ 2 (i.e, χ 2 /N >2) and segments with normalization factors above or below 20% (i.e, Norm <0.80 and Norm >1.20). Excluding segments with χ 2 /N >2 does not affect the normalizations of the included segments considerably. Similar conclusions were obtained by excluding the segments following the normalization criterion. Also, the data from Ref. [11] were fitted alone starting with the parameters in Table II , to evaluate the effects on the scattering length values. If the well known states (2 + (ground state), 1 + (0.77 MeV), and 3 + (3.52 MeV)) alone are included to fit the data from Ref. [11] along with the 2 − , 1 − background levels, we obtain s-wave scattering lengths consistent with the results in Ref. [11] . But with the introdution of the inelastic channel along with the inclusion of the 0 + (1.9 MeV), and 2 + (2.21 MeV) states, the results for the s-wave scattering lengths differ significantly from the results in Ref. [11] . The scattering lengths obtained from this analysis along with the values published in the literature are presented in Table III. Angulo et al. is the only previous determination of s-wave scattering lengths for 7 Be+p system, where the cross section data have been analyzed in an R-matrix framework and the s-wave scattering lengths have been deduced. Navratil et al. [12] used the ab initio no-core shell model/resonating group method to calculate the 7 Be(p,γ)
8 B radiative capture cross section and deduce the s-wave scattering lengths for 7 Be+p. The s-wave scattering lengths from Ref. [12] do not agree with the results from this analysis.
In the context of the potential model [9] , the extrapolation of S 17 down to solar energies depends on the value of the average scattering length (ā 0 ), defined as
Theā 0 value deduced from this work is 0.60
−0.18 fm using the ANC values from Ref. [32] neglecting their uncertainties. This shows that the average scattering length can be better constrained than the individual scattering lengths for channel spin 1 and 2, respectively.
V. CONCLUSIONS
The angular distributions for 7 Be+p elastic and inelastic scattering were measured in the center of mass energy 7 Be+p system from an R-matrix analysis of elastic and inelastic scattering data have been presented. The scattering length for channel spin 1 is in agreement with the previously reported scattering length of Ref. [11] . Our result for channel spin 2 lies just out- side the 1-σ lower limit of the scattering length reported in Ref. [11] . The general agreement between our results and those of Ref. [11] is not surprising, as the low-energy scattering data of Ref. [11] play a very significant role in both analyses. It can be inferred from Table III that the uncertainties in the s-wave scattering lengths have been reduced by a factor of 5-8 compared to the previous experimental measurement [11] . This lower uncertainty may reduce the overall uncertainty in S 17 (0), as discussed by Descouvemont [7] and Baye [9] . Using the potential model of Baye, the uncertainty in S 17 (0) due to the average scattering lengthā 0 can be calculated using Eq. (20) from Ref. [9] . Using this approach, the uncertainty in the average scattering lengthā 0 deduced in this work using Eq. (8) contributes a very small uncertainty of ±0.03% to S 17 (0), although it is not clear how this uncertainty impacts the extrapolation error on the S 17 (0) value deduced 7 Be+p elastic scattering excitation function at low energies from Ref. [11] . The best fit is the solid red curve and the black filled circles represent the data. The experimental cross section was convoluted to account for the 14 keV and 19 keV experimental resolutions reported in [11] . Systematic uncertainty of ±5.5% was included in the calculation.
from capture data.
Besides this measurement, there is only one 7 Be+p elastic scattering measurement below 1 MeV. The measurements above this energy are not in agreement with each other. To better constrain the fits and the R-matrix parameters, more precise measurements are needed. Measurements below the 634-keV resonance are most important for constraining the scattering lengths. However, the data at higher energies are also important. Ideally, new scattering measurements would span a wide range of energy, from below the 634-keV resonance to well above 1 MeV. Transfer reactions could shed more light into the structure of 8 B. 
